port system B 0,+ (ATB 0,+ ) in the cellular uptake of NOS inhibitors (22) . These studies have suggested that system B 0,+ may potentially participate in the transport of the NOS inhibitor N G -nitro-L-arginine (L-NNA). System B 0,+ differs from system y + and system L in two important aspects. First, unlike systems y + and L that are specific for either cationic or zwitterionic amino acids, respectively, system B 0,+ can accept cationic as well as zwitterionic amino acids as substrates. This characteristic is important because there are cationic NOS inhibitors as well as zwitterionic NOS inhibitors that have been identified as specific inhibitors of different NOS isoforms. Second, system B 0,+ is a highly concentrative transport system, being energized by multiple driving forces (Na + gradient, Cl -gradient, and membrane potential). Therefore, the ability of system B 0,+ to concentrate its substrates inside the cells is severalfold greater than that of systems y + and L. Since B 0,+ is expressed in the intestinal tract (16) , this system has the potential to serve as a drug delivery system for NOS inhibitors. The present study was undertaken to investigate the transport of a wide variety of structurally diverse and isoform-specific NOS inhibitors via ATB 0,+ cloned from the mouse intestine. Cloning of mouse ATB 0,+ . The SuperScript plasmid system (Life Technologies Inc., Rockville, Maryland, USA) was used to establish a unidirectional cDNA library with poly(A) + RNA isolated from mouse colon as described previously (23) (24) (25) . The probe for library screening was prepared by RT-PCR using primers specific for mouse ATB 0,+ cDNA reported in the GenBank (accession no. AF161714). The primers were 5′-GTT GGC TAT GCA GTG GGA TT-3′ (sense) and 5′-GAG GCC AAG GAG AAA CAA AA-3′ (antisense), which corresponded to the nucleotide positions 396-415 and 1606-1625 in the cDNA sequence. RT-PCR was performed using the poly(A) + RNA prepared from mouse colon and the resulting product, approximately 1.2 kbp in size, was subcloned and sequenced to confirm its identity. This cDNA was labeled with [α-32 P]dCTP by random priming and used as a probe for screening the mouse colon cDNA library. Sequencing was done using an automated 377 Prism DNA sequencer (Perkin-Elmer Applied Biosystems, Foster City, California, USA). The longest positive clone (∼3 kbp) was used for functional studies.
Methods

Materials. [ 3 H]-Glycine was purchased from
Northern blot analysis. The expression pattern of ATB 0,+ mRNA along the longitudinal axis of the mouse intestinal tract was investigated by Northern blot analysis. The entire small intestine was divided into four equal segments, the first segment representing the most proximal small intestine and the fourth segment representing the most distal small intestine. Poly(A) + mRNA was isolated from these four segments as well as from the cecum and colon and used for Northern blot analysis. The blot was hybridized sequentially under high-stringency conditions with [ 32 P]-labeled cDNA probes specific for mouse ATB 0,+ , mouse peptide transporter 1 (PEPT1), and mouse β-actin.
Functional expression ATB 0,+ in HRPE cells. The functional expression was carried out using the vaccinia virus expression system (23) (24) (25) . Transport measurements were made at 37°C for 15 minutes with radiolabeled amino acids or NOS inhibitors as substrates. The transport buffer was 25 mM HEPES/Tris (pH 7.5) containing 140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.8 mM MgSO 4 , and 5 mM glucose. Endogenous transport activity was always determined in parallel using cells transfected with vector alone. With glycine as the substrate that was used in most of the experiments, the endogenous transport accounted for less than 5% of the transport measured in cells that were transfected with the cDNA. The cDNA-specific transport was calculated by adjusting for the endogenous activity. The kinetic parameters, Michaelis-Menten constant (K t ) and maximal velocity (V max ), were calculated by fitting the cDNA-specific transport data to the Michaelis-Menten equation describing a single saturable transport system. The Na + -and Cl --activation kinetics were analyzed by fitting the cDNA-specific transport data to the Hill equation, and the Hill coefficient was calculated.
Functional expression ATB 0,+ in Xenopus laevis oocytes. Capped cRNA from the cloned mouse ATB 0,+ cDNA was synthesized using the mMESSAGE mMACHINE kit (Ambion Inc., Austin, Texas, USA). Mature oocytes from Xenopus laevis were isolated by treatment with collagenase A (1.6 mg/ml), manually defolliculated, and maintained at 18°C in modified Barth's medium supplemented with 10 mg/ml gentamycin (23) (24) (25) . On the following day, oocytes were injected with 50 ng cRNA. Uninjected oocytes served as controls. The oocytes were used for electrophysiological studies 6 days after cRNA injection. Electrophysiological studies were performed by the two-microelectrode voltage-clamp method (23) (24) (25) . Oocytes were perifused with a NaCl-containing buffer (100 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 3 mM HEPES, 3 mM Mes, and 3 mM Tris, pH 7.5), followed by the same buffer containing different NOS inhibitors or amino acids. The membrane potential was clamped at -50 mV. Voltage pulses between +50 and -150 mV, in 20-mV increments, were applied for 100-ms durations, and steady-state currents were measured. The differences between the steadystate currents measured in the presence and absence of substrates were considered as the substrate-induced currents. The kinetic parameter K 0.5 (i.e., the substrate concentration necessary for the induction of half-maximal current) for the saturable transport of substrates was calculated by fitting the values of the substrateinduced currents to the Michaelis-Menten equation. The experiments were repeated with at least three different oocytes from two different batches.
Results
Structural features of mouse ATB 0,+ . The cloned mouse ATB 0,+ cDNA obtained from colon mRNA is 3,007 bplong (GenBank accession no. AF320226) and codes for a protein of 638 amino acids. The primary structure of mouse ATB 0,+ is highly homologous to the recently cloned human ATB 0,+ (26) . The identity of amino acid sequence between the two proteins is 88%.
Expression pattern of ATB 0,+ mRNA in the mouse intestinal tract. To determine the expression pattern of ATB 0,+ along the longitudinal axis of the intestinal tract, we analyzed the steady-state levels of ATB 0,+ mRNA in different regions of the mouse intestine by Northern blot hybridization ( Figure 1 ). ATB 0,+ mRNA was not detectable in the first three segments of the small intestine. The expression of the mRNA was, however, evident in the fourth segment of the small intestine, cecum, and colon. The mRNA levels were more abundant in the colon and cecum than in the distal small intestine. In contrast, mRNA for PEPT1, a H + -coupled transporter for small peptides, was detectable in all four segments of the small intestine, but not in the cecum and colon. These data show that the expression of ATB 0,+ mRNA is restricted to the distal region of the mouse intestinal tract.
Functional features of mouse ATB 0,+ . The functional identity of the cloned mouse ATB 0,+ cDNA was established first by expressing the clone in mammalian cells heterologously and studying its transport function. We studied the transport of several zwitterionic and cationic amino acids in human retinal pigment epithelial (HRPE) cells expressing the cloned mouse ATB 0,+ . The transport of these amino acids was also measured under identical conditions in cells transfected with vector alone to serve as a control for endogenous transport activity. The transport activity of all 13 amino acids tested (Gly, Ala, Ser, Thr, Pro, His, Gln, Asn, Leu, Ile, Phe, Trp, and Arg) was found to be significantly higher in mouse ATB 0,+ cDNA-transfected cells than in vector-transfected cells (data not shown). The cDNAinduced increase in transport activity varied between 16 to 190% for all amino acids, except for glycine. The transport of glycine was exceptionally high in cDNAtransfected cells. The increase was 38-fold compared with transport activity in vector-transfected cells.
Since the transport of glycine via mouse ATB 0,+ was markedly higher compared with the transport of other amino acids, we used glycine as the substrate for further characterization of the cloned transporter. The results given in Figure 2 represent only the ATB 0,+ -specific transport activity after correcting for the endogenous transport activity. The ATB 0,+ -mediated glycine transport was obligatorily dependent on the presence of Na + and Cl -. The transport of glycine via mouse ATB 0,+ was saturable with a Michaelis-Menten constant (K t ) of 210 ± 18 µM. The number of Na + and Cl -ions
Figure 1
Northern blot analysis of ATB 0,+ mRNA along the longitudinal axis of the mouse intestinal tract. The small intestine was divided into four equal segments, the first segment representing the most proximal region and the fourth segment representing the most distal region of the small intestine. The blot was hybridized sequentially under highstringency conditions with [ 32 P]-labeled cDNA probes specific for mouse ATB 0,+ , mouse PEPT1, and mouse β-actin. involved in the transport process was then analyzed by the Na + -activation kinetics and the Cl --activation kinetics. The transport activity of mouse ATB 0,+ was sigmoidally related to the concentration of Na + , and the Hill coefficient for the activation process for Na + was 2.0 ± 0.1. In contrast, the transport activity of mouse ATB 0,+ showed a hyperbolic relationship with the concentration of Cl -. The Hill coefficient for the activation process for Cl -was 0.7 ± 0.1. These results show that the Na + /Cl -/glycine stoichiometry is 2:1:1. The K 0.5 values for Na + and Cl -(i.e., the concentrations of these ions needed for inducing half-maximal transport activity) were 25 ± 1 and 18 ± 8 mM, respectively. The amino acid specificity of mouse ATB 0,+ was then studied by assessing the ability of a variety of amino acids to compete with [ 3 H]-glycine (60 nM) for the transport process mediated by the cloned transporter (Table 1) . At a concentration of 2.5 mM, all zwitterionic and cationic amino acids tested inhibited the transport of [ 3 H]-glycine mediated by mouse ATB 0,+ . The inhibition varied from 70 to 100%. In contrast, the anionic amino acid aspartate and the N-methylated amino acid, α-(methylamino)isobutyric acid (MeAIB), did not show any significant inhibition. These data show that the cloned mouse ATB 0,+ is capable of mediating the transport of zwitterionic and cationic amino acids in a Na + -and Cl --coupled manner.
Transport of NOS inhibitors via ATB 0,+ . We then assessed the ability of NOS inhibitors and their parent amino acids (arginine, lysine, ornithine, and citrulline) at a concentration of 2.5 mM to compete with [ 3 H]-glycine (10 µM) for the transport process mediated by mouse ATB 0,+ in HRPE cells (Table 2 ). All four parent amino acids caused marked inhibition of glycine transport via mouse ATB 0,+ . The inhibition varied between 55 and 85%. Similarly, all NOS inhibitors that were tested also inhibited ATB 0,+ -mediated glycine transport. The inhibition caused by the arginine-based NOS inhibitors L- 
, the citrulline-based NOS inhibitors, were very potent as inhibitors of ATB 0,+ -mediated glycine transport, the inhibition being in the range of 70-85%. The ornithine derivative L-N 5 -(1-iminoethyl)-ornithine (L-NIO) caused 40% inhibition. L-Canavanine and α-guanidinoglutaric acid (L-GGA), both being guanidino derivatives, were also effective inhibitors, causing 75 and 40% inhibition, respectively. These results show that all NOS inhibitors tested interact with the substrate-binding site of the cloned mouse ATB 0,+ . However, these data suggest but do not prove that these NOS inhibitors are transportable substrates for the transporter. It is possible that some compounds may block the transport by competing with glycine for binding to the substrate-binding site without itself being transported across the membrane. To determine whether or not these inhibitors are actually transportable substrates of the transporter, direct measurements of ATB 0,+ -mediated transport of these inhibitors must be carried out. Toward this goal we used [ 3 H]-L-NNA as a substrate for ATB 0,+ and studied its transport in HRPE cells expressing the cloned transporter ( Figure 4 ). The transport of L-NNA in ATB 0,+ -expressing cells was fourfold higher than in vector-transfected cells, demonstrating that L-NNA is indeed a transportable substrate for this transporter. This conclusion is supported further by the inhibition of ATB 0,+ -specific L-NNA transport by glycine, serine, and arginine that are substrates for the transporter. In contrast, MeAIB and glutamate that are not substrates for the transporter did not inhibit ATB 0,+ -specific L-NNA transport. The ATB 0,+ -specific L-NNA transport was saturable with a Michaelis-Menten constant of 0.75 ± 0.10 mM.
The mammalian expression system is not ideal to use in the investigation of the transport of a broad spectrum of NOS inhibitors via ATB 0,+ because of the limited commercial availability of NOS inhibitors in radiolabeled form. Therefore, we had to use an alternative method for direct measurement of the transport of a large number of NOS inhibitors via ATB 0,+ . We used the X. laevis oocyte expression system for this purpose. The cloned mouse ATB 0,+ was functionally expressed in these oocytes by injection of cRNA, and the transport of NOS inhibitors (1 mM) via the transporter was then monitored by inward currents induced by these inhibitors using the two-microelectrode voltage-clamp technique. This approach was feasible because of the electrogenic nature of ATB 0,+ . Induction of an inward current upon exposure of the ATB 0,+ -expressing oocyte to a test compound under voltage-clamped conditions would indicate depolarization of the membrane as a result of transport of the compound into the oocyte. Uninjected oocytes served as negative controls in these experiments. The results of these oocyte experiments are given in Table 2 . All of the NOS inhibitors tested, except for L-NAME, L-NABE, and L-GGA, induced marked inward currents in oocytes expressing the cloned ATB 0,+ . The currents varied in the range of 30-500 nA. Comparatively, L-NAME, L-NABE, and L-GGA induced very little current (10-15 nA). The amino acids arginine, lysine, citrulline, and ornithine induced currents in the range of 130-550 nA.
For further detailed analysis of the transport of NOS inhibitors via ATB 0,+ in the oocyte expression system, we selected three NOS inhibitors, namely L-NIL, L-MTC, and L-NIO. We chose these compounds on the basis of their selectivity toward distinct NOS isoforms: L-NIL for NOS II, L-MTC for NOS I, and L-NIO for NOS III. Figure 5 describes the ion dependence of the inward currents induced by L-NIL and L-MTC. In the presence of NaCl, L-NIL at a concentration of 1 mM induced 82 ± 18 nA inward currents. However, when measured in the presence of NMDG chloride, there was no measurable inward current upon exposure of the oocytes to this compound, indicating that the L-NIL-induced currents were obligatorily dependent on the presence of Na + . This compound did induce a small, but significant, current (∼10 nA) in the presence of sodium gluconate (i.e., in the absence of chloride). However, since L-NIL used in this experiment was a chloride salt, a small amount of chloride was present under these experimental conditions. This resulted in the induction of the observed current. This is supported by the data obtained with L-MTC, which is available in a chloride-free form. In the presence of NaCl, L-MTC at a concentration of 1 mM induced 116 ± 34 nA inward currents. But there were no measurable currents when either Na + or Cl -was absent, showing that the L-MTC-induced inward current was absolutely dependent on the presence of both Na + and Cl -. The obligatory dependence of the currents induced by L-NIL and L-MTC on the presence of Na + and Cl -was similar to the data obtained with arginine. When used as a chloridefree salt, arginine induced 382 ± 57 nA inward current. No measurable current was observed with arginine in the absence of either Na + or Cl -. We then analyzed the saturation kinetics of the transport of L-MTC, L-NIL, and L-NIO via ATB 0,+ in the oocyte expression system using the inward currents induced by the corresponding inhibitors as the measure of their transport. The results of these experiments, shown in Figure 6 , demonstrate that ATB 0,+ -mediated transport of all three compounds was saturable. The K 0.5 values (the concentration of the compound necessary to induce half-maximal current) calculated at membrane potential -50 mV were 1.36 ± 0.08 mM, 2.72 ± 0.29 mM, and 2.24 ± 0.35 mM for L-MTC, L-NIL, and L-NIO, respectively. The K 0.5 values were, however, influenced by the membrane potential for all three compounds. The values decreased with hyperpolarization of the membrane and increased with depolarization of the membrane.
Discussion
In this article we present evidence for the transport of NOS inhibitors via the Na + -and Cl --coupled ATB 0,+ . This represents the first identification of an ion gradient-
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Figure 5
Ion dependence of inward currents induced by L-arginine, L-NIL, and L-MTC in X. laevis oocytes expressing the cloned mouse ATB 0,+ . Oocytes were perifused with 1 mM substrates in buffers containing NaCl, sodium gluconate, or NMDG chloride.
driven concentrative transport system for these potential therapeutic agents. The evidence in support of ATB 0,+ -mediated transport of NOS inhibitors was obtained with ATB 0,+ cloned from the mouse colon. The transport function of the cloned ATB 0,+ was studied by heterologous expression in mammalian cells as well as in X. laevis oocytes. This approach enabled us to investigate directly the transport of a wide variety of NOS inhibitors via the transporter. NOS inhibitors can be either cationic or zwitterionic in nature. Previous studies have shown that cationic NOS inhibitors are transported by system y + whereas zwitterionic NOS inhibitors are transported by system L (17-21). System y + does not interact with zwitterionic NOS inhibitors and system L does not interact with cationic NOS inhibitors. Our present studies show that ATB 0,+ is able to transport both cationic as well as zwitterionic NOS inhibitors. This is in accordance with the substrate specificity of this transporter. ATB 0,+ recognizes cationic amino acids as well as zwitterionic amino acids as substrates. Among the amino acid substrates of ATB 0,+ , how the amino acids arginine, lysine, citrulline, and ornithine are handled by the transporter is directly relevant to the present study because most of the NOS inhibitors that are currently in investigational use are structurally related to these four amino acids. Even though arginine, lysine, and ornithine are cationic and citrulline is zwitterionic, our present studies show that all of these four amino acids are transportable substrates for ATB 0,+ . Similarly, most NOS inhibitors, whether cationic or zwitterionic, that are structurally related to the four amino acids are transported via ATB 0,+ . Among the three amino acid transporters that are known thus far to recognize NOS inhibitors as substrates, ATB 0,+ is the most concentrative. This transporter is energized by the combined transmembrane gradients of Na + and Cl -, as well as membrane potential. In contrast, system y + is driven only by membrane potential and system L is most likely facilitative, with no known driving force. Therefore, the transport of NOS inhibitors into cells that express ATB 0,+ is likely to be highly concentrative. The intracellular concentration of the NOS inhibitors in these cells can potentially reach several-fold higher than the extracellular concentration.
We determined the affinity of six NOS inhibitors for ATB 0,+ in the mammalian cell expression system from their ability to compete with an amino acid substrate for the transport process. These are L-NNA and L-NMMA (both structurally related to arginine), L-NIL (structurally related to lysine), L-TC and L-MTC (both structurally related to citrulline), and L-NIO (structurally related to ornithine). The IC 50 values for these six compounds varied within the range of 0.2-2.7 mM. In the case of L-NNA, we also determined the affinity directly from its transport via ATB 0,+ in the same mammalian cell-expression system. The constant K t calculated from the direct measurement of transport was found to be very similar to the IC 50 value calculated from the competitive inhibition studies (0.75 ± 0.10 mM vs. 0.56 ± 0.04 mM). For three other NOS inhibitors (L-MTC, L-NIL, and L-NIO), we determined the Michaelis-Menten constant for their transport via ATB 0,+ using the X. laevis oocyte-expression system. The K t values calculated from these experiments were found to be similar to the corresponding IC 50 values determined from the competitive inhibition studies using the mammalian cell-expression system (1.36 ± 0.08 The transport of NOS inhibitors via ATB 0,+ is of significant pharmacological and clinical relevance. This suggests that ATB 0,+ has the potential for use as a drugdelivery system for NOS inhibitors. We cloned ATB 0,+ from the mouse colon. But, there is ample evidence for the expression of this transport system not only in the colon but also in the distal small intestine (16, 27) . The transport function has been shown to be present in the brush border membrane of the mucosal cells in the ileum (16, 27) . ATB 0,+ mRNA is detectable in the present study only in the distal regions of the intestinal tract (ileum, cecum, and colon). The expression pattern of ATB 0,+ mRNA along the longitudinal axis of the intestinal tract is interesting and of relevance to the potential use of this transporter as a delivery system for NOS inhibitors. To our knowledge, the restricted expression of ATB 0,+ in the distal intestinal tract is unique among the amino acid transporters. Amino acids derived from the dietary proteins are absorbed mostly in the proximal small intestine, and consequently the concentrations of amino acids in the distal regions of the intestinal tract are low. As a result, there will be little competition between NOS inhibitors and endogenous amino acids for transport via ATB 0,+ . This will enhance the efficiency of intestinal absorption of NOS inhibitors.
There are two other amino acid transport systems in the intestinal brush border membrane that may participate in the uptake of NOS inhibitors from the intestinal lumen. These are system y + and system b 0,+ . The ability of system y + to transport cationic NOS inhibitors has been well established. In contrast, there is very little information available on the ability of system b 0,+ to transport NOS inhibitors. Since this transport system is able to interact with zwitterionic as well as cationic amino acids, we predict that this system can handle zwitterionic as well as cationic NOS inhibitors. Our recent studies have indeed demonstrated that system b 0,+ is at least partly responsible for the uptake of the zwitterionic NOS inhibitor L-NNA across the intestinal brush border membrane (22) . However, both system y + and system b 0,+ are not driven by any ion gradient. Therefore, we speculate that ATB 0,+ , with its energetic coupling to transmembrane gradients of Na + and Cl -, is likely to be much more efficient than system y + and system b 0,+ in the uptake of NOS inhibitors from the lumen into the intestinal and colonic absorptive cells.
The oral bioavailability of NOS inhibitors will depend not only on the existence of entry routes for these compounds in the intestinal and colonic brush border membrane, but also on the existence of exit routes in the basolateral membrane. There are two amino acid transport systems in the basolateral membrane of the intestinal tract that may be of relevance to the exit of NOS inhibitors from the intestinal and colonic absorptive cells into the blood. These are system L and system y + L (16) . The NOS inhibitors that are absorbed into the intestinal and colonic epithelial cells via ATB 0,+ , system y + , and system b 0,+ , can exit these cells across the basolateral membrane via systems L and y + L.
The present studies may also be of clinical relevance to the management of intestinal and colonic inflammation with NOS inhibitors. There is convincing evidence for the induction of NOS II in the intestinal and colonic epithelial cells during inflammation (28, 29) . Nitric oxide plays an important role in the normal physiological function of the intestinal tract and also in pathological conditions such as bacterial sepsis and inflammatory bowel disease (30) . It is of interest to note that the inflammatory bowel diseases ulcerative colitis and Crohn's disease involve primarily the colon and/or ileum, the sites at which ATB 0,+ is principally expressed in the intestinal tract. The idea of using ATB 0,+ as the delivery system for NOS inhibitors is particularly appealing for several reasons with respect to the clinical management of inflammatory bowel disease in which there is an induction of NOS II in the intestinal and colonic epithelial cells. ATB 0,+ is a highly concentrative transporter, and therefore the NOS inhibitors will be absorbed very effectively into the intestinal and colonic epithelial cells and accumulated inside the cells at high concentrations. This will result in an effective means of inhibiting NOS II in these cells. Furthermore, NOS inhibitors in the intestinal lumen will compete with arginine, the substrate for NOS II, for transport into the cells via ATB 0,+ and thus reduce the availability of arginine for NOS II activity. Thus, ATB 0,+ will allow NOS inhibitors to get into the cells in place of arginine. This will result in a very effective inhibition of NOS II activity, both by reducing the availability of arginine, the NOS II substrate, and by increasing the intracellular concentration of NOS inhibitors.
